their embryonic precursors (Figures 2A-2F To test the functional significance of Sm protein assoproteins are components of P granules. Moreover, disciation with P granules, we inhibited Sm activity by RNAi ruption of Sm activity caused defects in P granule and stained the gonads and embryo progeny of injected localization to the germ cell precursors during early worms for PGL-1. In normal embryos, P granules localize embryogenesis. In contrast, loss of other splicing facto the germ cell precursors (P1-P4) at each of several tor activities had no effect on germ granule control in asymmetric cell divisions ( Figure 3A; [2]). After RNAi of the embryo. These observations suggest that the Sm one or more Sm proteins, P granules were detected in proteins control germ granule integrity and localizamultiple cells in many embryos between the 8-and 36-tion in the early C. elegans embryo and that this role cell stages, in contrast to embryos from control animals is independent of pre-mRNA splicing. Thus, a highly (Table 1 ; Figures 3B-3E; see also Figure 2H ). Sm depleconserved splicing factor may have been adapted to tion also caused embryonic arrest at the 50-to 100-cell control both snRNP biogenesis and the localization of stage, with defects in morphogenesis and differentiation components important for germ cell function.
the embryo. These observations suggest that the Sm one or more Sm proteins, P granules were detected in proteins control germ granule integrity and localizamultiple cells in many embryos between the 8-and 36-tion in the early C. elegans embryo and that this role cell stages, in contrast to embryos from control animals is independent of pre-mRNA splicing. Thus, a highly (Table 1 ; Figures 3B-3E; see also Figure 2H ). Sm depleconserved splicing factor may have been adapted to tion also caused embryonic arrest at the 50-to 100-cell control both snRNP biogenesis and the localization of stage, with defects in morphogenesis and differentiation components important for germ cell function.
( Table 1 ; Supplementary Material). The effects of Sm depletion on P granule distribution was largely limited Results and Discussion to embryos older than the eight-cell stage; most twoand four-cell embryos localized their P granules norTo identify genes that control embryonic asymmetry, mally after Sm depletion (Supplementary Material). a C. elegans embryonic cDNA library was functionally These results suggest that loss of Sm activity causes a screened by RNA interference (RNAi). From this screen, defect in the localization of P granules after the four-to we identified the C. elegans ortholog of human SmE as eight-cell stages, during the division of P2 or P3. Bea regulator of P granule localization (see below). SmE cause only PGL-1 was examined, it is not known if Sm is one of seven conserved Sm proteins that form a hepactivity affects the entire P granule structure or if it is tameric complex required for the biogenesis and funcrestricted to only some components. In addition, betion of the snRNPs that catalyze mRNA splicing (Figure cause the maternal pool of Sm proteins is reduced but 1; [3, 4] ). Orthologs to each of the Sm proteins are found not eliminated in these RNAi experiments (Supplemenin C. elegans, and each shows high amino acid identity tary Material), the observed phenotypes probably result throughout its length with its vertebrate counterparts from a partial loss of function. Longer incubations of (Figure 1 ). In addition, the Sm proteins in C. elegans SmE(RNAi) animals caused increased penetrance of associate with known snRNAs, suggesting that they these P granule defects, but they also caused sterility function in both cis-and trans-splicing in worms [5] .
and cell division defects in the embryo ( Figure 3A ). This perinuclear localization is most pronounced after the birth of P4 at the16-cell stage (see Figure 3D ). After Sm depletion, P granule association with nuclei was disrupted in 16-to 40-cell-stage embryos (Table 1 ; compare Figure 3B with 3C and 3D with 3E). In some SmE(RNAi) embryos, P granules remained large but were primarily cytoplasmic ( Figure 3C ). In other embryos, PGL-1-containing particles were small or very diffuse within the cytoplasm ( Figure 3E ). This range of effects on P granules suggests that the Sm proteins may be required both for the perinuclear attachment of PGL-1-containing particles and for the integrity of the P granule structure or its PGL-1 component. To separately perturb the three known Sm subcomplexes (see Figure 1) , we used RNAi to disrupt different (the Lsm's) had no effect on P granule regulation (our The effects of Sm depletion on P granule distribution could be due to a defect in mRNA splicing or to a splicing-independent role of Sm proteins in P granule regulastrong disruption of gene expression in the embryo [17]. However, RNAi of these other splicing factors, either tion. To examine this issue, we disrupted the expression of the core splicing factors, U2AF, U170K, and Sap49, alone or in combination, had no effect on the localization of P granules to the germ precursor cells in embryos or and of the large subunit of RNA polymerase II by RNAi. Each of these splicing factors plays central roles in on their perinuclear association (Table 1 ; our unpublished data). When animals were incubated for longer mRNA splicing in many species, including C. elegans [11-16]. RNAi of these factors caused developmental times after splicing-factor RNAi, many injected animals died or became sterile, and some of the few embryos arrest of embryos at the 50-to 100-cell stage, with cell differentiation and morphogenesis defects similar to produced arrested prior to the 50-cell stage, consistent with further depletion of both maternal and zygotic those caused by Sm depletion (Table 1) , consistent with mRNAs (our unpublished data). However, no defects in P granule localization or subcellular distribution were detected in the recovered embryos (Table 1) . A small percentage of Pol II (RNAi) embryos did show P granule defects, although all of these embryos had abnormal nuclear morphologies and were likely to have arrested development (Table 1 ; our unpublished data). In contrast, even partial loss of Sm activity caused significant defects in P granule control in the embryo (Tables 1  and 2 ). Sm depletion caused highly penetrant P granule effects in embryos under conditions in which GLP-1 and PGL-1, both made from maternal mRNAs [18, 19], were not obviously reduced (Figures 2 and 3 ; our unpublished data) and in which injected animals were still making functional oocytes and embryos that developed to at least the 50-cell stage (Table 2 ). These observations suggest that Sm depletion disrupted P granule regulation under conditions in which severe reduction in general maternal mRNAs had not occurred, whereas depletion of other splicing factors did not affect P granule control even when both maternal and zygotic activities were reduced (see also below). Surprisingly, P granule regulation in the embryo is and U170K RNAi under conditions in which adult germ cell P granules were severely disrupted. Forty-eight a The indicated dsRNAs were injected into adult animals, which were incubated for the times indicated at 20ЊC. b Only 16-to 40-cell embryos were scored for P granule localization (after birth of P4 and prior to its division). Embryos in which two or more cells had PGL-1 staining of near equal intensity were scored as localization defective. c Sixteen-to fourty-cell embryos in which most or all PGL-1-stained granules were cytoplasmic and not in a ring around any nucleus were scored as nuclear-association defective. Numbers are averages of two experiments Ϯ the variance, n ϭ 10-36 embryos for each experiment. d The percent of embryos collected 1 hr prior to fixation that failed to hatch is shown (n ϭ 20-150 for each experiment). The results of this study suggest that at least some Germ granules also exist in other organisms, and they share some of their components and properties with the Sm proteins, core components of the splicesome, are also constitutive components of C. elegans P granules P granules of C. elegans is that the Sm complex promotes the attachment of some or all P granule components to the germ precursor
